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Edited by Stuart FergusonAbstract Target genes for a cAMP receptor protein, AnCrpA,
were screened using an Anabaena oligonucleotide microarray
and real-time quantitative reverse transcription polymerase chain
reaction (RT-PCR) analysis. Several gene expressions, including
some involved in nitrogen ﬁxation, were downregulated in the
ancrpA disruptant when cells were grown with nitrate. Electro-
phoretic mobility shift assays (EMSAs) revealed that AnCrpA
bound to the 5 0 upstream region of nifB, all1439, hesA,
all5347, hglE and coxBII in the presence of cAMP, and all of
them are related with nitrogen ﬁxation. A possible AnCrpA-
binding site in the 5 0 upstream region of nifB was predicted using
hidden Markov model (HMM) software based on the result of
in vitro selection of AnCrpA-binding sequences, and the binding
was conﬁrmed by EMSA. Thus, AnCrpA regulates the expres-
sions of gene clusters related to nitrogen ﬁxation in the presence
of nitrate.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: cAMP receptor protein (CRP); Filamentous
cyanobacterium; Transcription regulation; DNA-binding;
Recognition sequence1. Introduction
An important second messenger cAMP is synthesized from
ATP by adenylate cyclases. It is distributed widely in both
eukaryotes and prokaryotes, and regulates various biological
activities. In eukaryotes, cAMP regulates enzyme activity [1],
gene expression [2] and channel activity [3] by activating
cAMP-dependent protein kinase. In Escherichia coli, cAMP
binds to the cAMP receptor protein (CRP) and the cAMP-
CRP complex regulates transcription initiation of more thanAbbreviations: CRP, cAMP receptor protein; EMSA, electrophoretic
mobility shift assay; HMM, hidden Markov model
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doi:10.1016/j.febslet.2006.11.070100 genes mainly involved in the catabolism of carbon sources
other than glucose [4].
In the unicellular cyanobacterium Synechocystis sp. strain
PCC 6803, an adenylate cyclase, Cya1, is responsible for
changes in cellular cAMP levels induced by blue light [5],
and the cya1 disruptant is immotile [6]. cAMP also binds to
the cAMP receptor protein SYCRP1 [7] and functions as a
transcription activator [8]; disruption of sycrp1 also abolishes
motility [9]. Thus, cAMP is essential for motility in this organ-
ism.
The non-motile ﬁlamentous cyanobacterium Anabaena sp.
strain PCC 7120 (hereafter termed Anabaena PCC 7120) pro-
duces oxygen via photosynthesis and carries out nitrogen ﬁxa-
tion in the special cells called heterocyst. Six diﬀerent adenylate
cyclase genes have been identiﬁed in this cyanobacterium
[10,11]. However, the function of cAMP remains unknown
in Anabaena PCC 7120.
We have shown that Anabaena PCC 7120 possesses two
cAMP receptor proteins: AnCrpA and AnCrpB [12]. Because
the Kd value of AnCrpA for cAMP is about 75 times smaller
than that of AnCrpB [12], we assume that AnCrpA functions
mainly in cAMP signal transduction in Anabaena PCC 7120.
Here we investigated the target genes for AnCrpA and focused
on the genes whose expression was downregulated in the anc-
rpA disruptant. The expression levels of some gene clusters re-
lated to nitrogen ﬁxation were lower in the ancrpA disruptant
than in the wild-type, when cells were grown with nitrate.
Binding activity of AnCrpA with the 5 0 upstream regions of
these nitrogen ﬁxation-related genes were determined using
electrophoretic mobility shift assays (EMSA) experiments.2. Materials and methods
2.1. Strain and growth conditions
Anabaena sp. strain PCC 7120 and the ancrpA disruptant were
grown with nitrogen-free BG-11 medium (BG-110) [13] and then har-
vested and resuspended in modiﬁed Detmer’s medium (MDM) which
contains 1.0 g per litter of potassium nitrate or in MDMo which does
not contain any nitrate [14] at 30 C bubbled with air containing 1%
CO2, under light illumination at 50 lE m
2 s1 for three days (reached
an OD750 of approximately 0.3). The cells were then washed and resus-
pended with MDM or MDMo, and incubated for 24 h under the same
culture conditions (reached an OD750 of approximately 0.6). As for
growth rates, no diﬀerence was found between wild-type cells and anc-
rpA disruptant cells.blished by Elsevier B.V. All rights reserved.
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The DNA fragment containing the ancrpA gene of Anabaena PCC
7120 was ampliﬁed by PCR. Because ancrpA lacks a restriction site
for inserting a streptomycin/spectinomycin resistance cassette (aadA
gene) derived from plasmid pRL453 [15], two primer sets were de-
signed to attach a SmaI site at the centre of the ancrpA open reading
frame (ORF) based on sequence information from CyanoBase
(http://www.kazusa.or.jp/cyano/): one set was 5 0-GGGTGTATTA-
ATTCTGAC-3 0/5 0-CCCGGGTACTACCAATCATTGTGG-3 0 and
the other was 5 0-CCCGGGTACAGAACCTTTGGCAGG-3 0/50-
GATAATCAATGCTACCGC-3 0 (the SmaI cleavage sequence is
underlined). Each PCR product was cloned into the pGEM-T Easy
vector (Promega, Madison, WI, USA) and veriﬁed by nucleotide
sequencing. Next, each vector was restricted with SacI and SmaI,
and used to construct a vector possessing the ancrpA ORF with the
SmaI site in its centre. Then, the resistance cassette digested with SmaI
from the pRL453 was integrated into the SmaI site of the constructed
vector. The EcoRI fragment from the resulting plasmid was integrated
into the NaeI site of pRL271 [16] after blunting. Transformation to
Anabaena PCC 7120 was performed by conjugation [17]. Inactivation
of ancrpA was carried out by sacB-mediated positive selection for dou-
ble recombination [16], and both single and double recombination
events were conﬁrmed by PCR (data not shown).
2.3. Total RNA preparation
Total RNA was isolated by the hot-phenol method [18] from 10 ml
of liquid culture grown to an OD750 of approximately 1.0. The crude
total RNA was treated with 5 U of DNase I (TaKaRa, Shiga, Japan)
at 37 C for 1 h. The concentration of the extracted RNA was deter-
mined at OD260 and OD280. Twenty micrograms of total RNA were
subjected to DNA microarray analysis and another 1 lg of total
RNA was subjected to real-time RT-PCR.
2.4. DNA microarray analysis
DNA microarray analysis was carried out according to Ehira and
Ohmori [19]. Microarray analyses were conducted using three sets of
RNA samples extracted from a wild-type strain and from ancrpA dis-
ruptant cells, grown independently. For the RNA samples from respec-
tive cultures, microarray analyses were performed with diﬀerent
combinations of Cy-dyes: Cy3 and Cy5 (Amersham Biosciences, Pis-
cataway, NJ, USA). Ratios of the transcript levels of the ancrpA dis-
ruptant relative to wild type were calculated from six measurements.
Those ORFs whose relative ratios changed more than two-fold in
the ancrpA disruptant were selected. The remaining ORFs approxi-
mately 97% of the total showing expression fold values between 0.5
and 2.0 were considered not signiﬁcantly diﬀerent in expression level
between the wild-type strain and the ancrpA disruptant.Table 1
DNA fragment names, primers and the positions of fragments used in this s
Flagment namea Forward primer
FnifB-1 5
0-CTCACAACGTTCTCGAAATCA-30
FnifB-2 5
0-CATCTGTTAAGCCTTACAACCCTA-30
FnifB-3 5
0-GACTGCTTTTGAGTCACTGATCC-3 0
FnifH-1 5
0-GCCACCTTAAAGATAGCGATTG-30
FnifH-2 5
0-CTTGCTTCGGTGTGAGTGAA-3 0
FnifE-1 5
0-AGCTGATGAATGTGGAGAGGA-30
FnifE-2 5
0-TAAGTTCCTTAGTATGTCATCAAC-30
Fall1439 5
0-ACCCTGTTGGATGAAATGGA-3 0
FhesA 5
0-GCAAGAGTTGAAGAAATTGGAGA-3 0
Fall5347-1 5
0-GATCGCTGATCAAAAGAGCA-3 0
Fall5347-2 5
0-TCAACTTTTTCACCCTTGACC-30
FhglE-1 5
0-TCAAGAGTCAAGCGTTGGAT-3 0
FhglE-2 5
0-ACTGCATCACCATCACCTTTT-30
FhglE-3 5
0-GCTTAAATCCTCTGCGAAGC-3 0
FhglE-4 5
0-ATTGGCAGGTGGCAAAAAT-30
Falr5348-1 5
0-TACAGCCATTGCGGATAG-30
Falr5348-2 5
0-ATTGTGGCGATACAGCCAAG-3 0
FcoxB-1 5
0-TTGATGTCAGTAGCTTTGGAGAA-3 0
FcoxB-2 5
0-TGGTAGUGCTCATCCAGAAA-3 0
aThe DNA fragments were termed as reference to corresponding gene, and
bThe positions were counted the initiation nucleotide in each ORF as +1.2.5. Real-time quantitative RT-PCR analysis
Real-time quantitative RT-PCR analysis was also carried out
according to Ehira and Ohmori [19]. Reverse transcription reactions
were performed using an Anabaena-speciﬁc primer mix [19] and a re-
verse primer for rnpB (Supplementary data 1). The synthesized cDNA
sample was adjusted to 100 ll and 1 ll aliquots were used for each RT-
PCR analysis. The primers used were designated using the Primer3
[20]. Each primer was designed to produce PCR products 150–
250 bp in length based on the information from CyanoBase, and are
listed in Supplementary data 1. Primers for all5347 and alr5351 (hglE)
were designed as described [21]. Product identiﬁcation was conﬁrmed
by a melting curve analysis. The relative rate of each cDNA was nor-
malized using rnpB as a standard [22].2.6. Electrophoretic mobility shift assay (EMSA)
Procedures for purifying the recombinant His-tagged AnCrpA pro-
tein from E. coli were as described previously [12]. The DNA frag-
ments were ampliﬁed by PCR using TaKaRa Ex Taq (TaKaRa)
and each primer was designed to produce PCR products about 400–
450 bp in length overlapping by roughly 50–100 bp with neighbouring
DNA sequences, based on information from CyanoBase. The primers
used, the ampliﬁed DNA fragments and their positions are listed in
Table 1. The sizes of the synthesized DNA fragments were conﬁrmed
using agarose gel electrophoresis. Free nucleotides were removed using
a QIA-quick PCR puriﬁcation Kit (Qiagen, Tokyo, Japan), then
each DNA fragment was end-labelled with T4 polynucleotide kinase
(TaKaRa) and [c-32P]-ATP (Amersham Biosciences). Images were
analyzed using a BAS-2500 system (Fuji Photo Film Co. Ltd., Tokyo,
Japan). The 32P-labelled DNA (10000 cpm) was incubated in a total
volume of 20 ll of the binding buﬀer [50 mM Tris–HCl (pH 8.0),
60 mM NaCl, 1 mM EDTA, 8% (w/v) glycerol with or without
20 lM of cAMP]. The procedures for EMSA were as described previ-
ously [12].
To prepare other probes, two oligonucleotides labelled with
Digoxigenin (DIG) at the 5 0 end (5 0DIG-TGGAAGAGAAGTCG-
CGGCTTTAAACACATTCTACCAAGAC-3 0 and 5 0DIG-TGGAA-
GAGAAGTCTCTGCTTTAAACACATTCTACCAAGAC-3 0) and
their complementary oligonucleotides were synthesized commercially.
These oligonucleotides corresponded to the upstream region from
positions 194 to 179 relative to nifB and contained possible AnC-
rpA-binding sequences or their mutations (underlined). To prepare a
double-stranded oligonucleotide, a pair of complementary nucleotides
was annealed in the presence of its complementary strand to obtain a
double-stranded form, and approximately 1.0 ng of the oligonucleotide
was used in the assay. After the incubation as described above,
DNA and His-AnCrpA were transferred to Hybond-N+ membrane
(Amersham Biosciences) and the DIG-labelled probes were detectedtudy
Reverse primer Positionb
50-AAGAGCCTGTAACTGGTGGT-30 +25 to 398
50-CTCTGGAATAGAATTTATTGG-30 325 to 772
50-CCAGATACGTGCGAAATTCA-30 646 to 1107
50-CCATAGCTGCAAGGGTGTTT-30 +90 to 292
50-GATGCGATCGCGTAATCTG-30 248 to 684
50-TTTTGCCTTGGGTGTTCTTC-30 +22 to 351
50-CTAGCCCCTAGTTCCTAACTT-30 281 to 659
50-AGTTTGGTGGATGGAAATTAGG-3 0 +51 to 352
50-ATCATTTGGCGGCTATAACG-30 +5 to 403
50-CGACCTTGGGGTTTGATAAAT-30 +47 to 395
50-AGCGTTTGCGTCCTGAGAAC-30 329 to 692
50-AACAAAGCCTTTTCGCAGTT-30 +74 to 417
50-TTATCCAACGCTTGACTCTTGA-3 0 395 to 824
50-CCTCGAATCCGAATTCACAC-30 755 to 11 86
50-GCTTGATCCAAGCAGTAAGGTT-3 0 1132 to 1602
50-TTTCGCCTTGGCTGTATC-30 +453 to +855
50-TTTGCCACCTGCCAATTC-30 +836 to +1282
50-CAGGAATTTGCTGCATACCA-30 +16 to 310
50-CCCAGTAGCTTCTACTTCTCCAA-30 273 to 676
numbered in order near from the initiation nucleotide.
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GmbH, Penzberg, Germany) and CDP-Star Reagent (New England
Biolabs Inc., Ipswich, MA, USA). The chemiluminescent signals were
detected with RX-U (Fuji Photo Film Co.).2.7. In vitro selection of AnCrpA recognition sequence
We designed a 76-base oligonucleotide: SSA, 5 0-CCGGAATCA-
GATAGCGATTGAATCCAGATT-N14-TCACATTTTAGGCACA-
TCGAGGTCGACGGTAT-3 0, containing a random 14-base se-
quence followed by a partial general CRP-binding consensus sequence
(TCACA). Double-stranded DNA from SSA was synthesized using
Primer SSAF: 5 0-CCGGAATCAGATAGCGAT-3 0 and Primer
SSAR: 5 0-ATACCGTCGACCTCGAT-3 0 by PCR ampliﬁcation.
The PCR product was puriﬁed from an agarose gel and used for this
experiment. The DNA fragment (10 ng) was incubated with His-An-
CrpA in 20 ll of binding buﬀer containing 50 mM Tris–HCl (pH 8.0),
60 mM NaCl, 8% glycerol, 20 lM cAMP and 100 ng of poly(dI-dC)
at room temperature for 30 min. To separate the His-AnCrpA-
DNA complex we used His MicroSpin Puriﬁcation Module (Amer-
sham Biosciences). The mixture was applied to His MicroSpin column
and then washed with 600 ll of buﬀer containing 50 mM Tris–HCl
(pH 8.0), 60 mM NaCl, 8% glycerol, 20 lM cAMP and 20 mM imid-
azole. The His-AnCrpA–DNA complex was eluted with 100 ll of elu-
tion buﬀer containing 50 mM Tris–HCl (pH 8.0), 60 mM NaCl, 8%
glycerol and 400 mM imidazole and was phenol/chloroform treated.
DNA was recovered by ethanol precipitation in the presence of 1 lg
of glycogen. The recovered DNA was ampliﬁed by PCR and used
for the next round of selection after puriﬁcation with agarose gels.
After the second round, 1 ng of DNA was used for the selection:
the entire selection procedure was performed ﬁve times. Then, the
DNA fragments were cloned into the pGEM-T Easy vector (Prome-
ga) and sequenced.2.8. Search for AnCrpA-binding sites
Possible AnCrpA-binding sites were searched using the HMMER
program (Version 2.3.2) [23] based on the sequence alignment of the
in vitro selection. Based on the 42 sequences shared G at position 7alr2823 alr2825 alr2828 rfbC
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Fig. 1. Schematic diagrams of downregulated gene clusters in the ancrpA disru
excision elements that are removed from the chromosome during heterocyst
(C) A gene cluster containing fdxB and coxBACII. (D) A gene cluster co
information from CyanoBase. The downregulated ratios obtained from DNA
line represent genes whose mRNA level were downregulated signiﬁcantly c
dotted-line represent those for which downregulated levels were below our sele
the transcription clusters nifB-fdxN-nifSU[35], nifHDK [36], hesAB [37] and co
speciﬁcally with His-AnCrpA. Solid grey lines show DNA regions with low a
not bind speciﬁcally with His-AnCrpA.(see Supplementary data 5 for details), we built a custom proﬁle
HMM and extracted probable AnCrpA-binding sites from DNA se-
quences which bound speciﬁcally to His-AnCrpA.3. Results and discussion
3.1. Gene clusters regulated by ancrpA disruption
We carried out DNA microarray analysis with the cells cul-
tured in the presence or absence of nitrate, and found that the
AnCrpA regulates certain gene expressions signiﬁcantly in the
presence of nitrate. Total RNA was isolated from wild-type
cells and ancrpA disruptant cells, and the expression of each
gene was analyzed using an Anabaena oligonucleotide micro-
array. Expression levels of many genes were changed by the
disruption of ancrpA compared with wild-type particularly in
the presence of nitrate: the majority of the genes that downreg-
ulated in the ancrpA disruptant were genes relating to nitrogen
ﬁxation (Supplementary data 2, 57 genes were screened), and
genes such as iron starvation- and oxidative-induced genes,
glycosyl transferase genes, trehalose-metabolizing genes were
upregulated (Supplementary data 3, 115 genes were screened).
In the absence of nitrate, a small number of downregulated
genes (Supplementary data 4, 6 genes were screened) and no
upregulated gene were observed in the ancrpA disruptant.
Then, we focused on the nitrogen ﬁxation-related genes as a
candidate regulon for AnCrpA.
It was noted that many genes regulated by AnCrpA were
composed of clusters. Fig. 1 shows the gene clusters downreg-
ulated remarkably by the disruption of ancrpA. The data of the
DNA microarray analysis were examined by real-time quanti-
tative RT-PCR analysis (Table 2).alr2833
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alr2839
0.17±0.13 0.32±0.10 0.49±0.30
1 kb
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FhesA
ptant. (A) A gene cluster containing nif genes. This region includes two
diﬀerentiation [33,34]. (B) A gene cluster containing all5347 and hglE.
ntaining hepC. Annotations and ORF numbers are according to the
microarray analysis are indicated above each ORF. ORFs with solid-
ompared with wild-type (fold values less than 0.5), ORFs with while
ction criteria (fold values more than 0.5). Arrows above ORFs indicate
xBACII [27]. Solid lines under ORFs show the DNA fragments bound
ﬃnity to His-AnCrpA. Broken lines indicate DNA fragments that did
Table 2
Conﬁrmation of the DNA microarray data by real-time quantitative
RT-PCR
ORF Description Fold (ancrpA/WT)
Real-time
RT-PCRa
DNA microarray
(P-value)b
all1577 nifB 0.03 0.19 ± 0.15 (<0.001)
all1455 nifH 0.17 0.19 ± 0.24 (<0.001)
all1438 nifE 0.11 0.26 ± 0.18 (<0.001)
all1437 nifN 0.12 0.71 ± 0.75 (0.384)
all1436 nifX 0.13 0.63 ± 0.57 (0.183)
all1432 hesA 0.11 0.38 ± 0.25 (0.002)
alr2515 coxAII 0.11 0.62 ± 0.46 (0.090)
all5347 hgdB 0.13 0.39 ± 0.26 (0.002)
all5351 hglE 0.11 0.31 ± 0.22 (<0.001)
alr2834 hepC 0.06 0.32 ± 0.10 (<0.001)
aThe data of real-time RT-PCR are average of two independent
experiments. The fold values of real-time RT-PCR were normalized
with rnpB as an internal control.
bThe data of DNA microarray are presented as ±SD of values from six
measurements (diﬀerent combination of Cy-dyes from three indepen-
dent RNA samples).
FA
B
nifB-1 (cAMP+)
FnifB-2 (cAMP+) FnifB-3 (cAMP+)
FnifB-1 (cAMP-)
0 10 30 100 300His-AnCrpA (ng)
0 10 30 100 300His-AnCrpA (ng) 0 10 30 100 300
0 30 100 300
Fig. 2. Electrophoretic mobility shift assays (EMSA) using His-
AnCrpA and the 5 0 upstream regions of nifB. (A) A 32P-labelled
FnifB-1 probe DNA fragment was incubated with His-AnCrpA in the
presence or absence of 20 lM cAMP. The amounts of His-AnCrpA
added are indicated above each lane. The position of the protein–DNA
complex is indicated by an arrow. (B) A 32P-labelled FnifB-2 probe
DNA fragment or a 32P-labelled FnifB-3 probe DNA fragment were
incubated with His-AnCrpA in the presence of 20 lM cAMP.
24 T. Suzuki et al. / FEBS Letters 581 (2007) 21–28Expressions of 14 genes ranging from nifB to hesB were sup-
pressed in the ancrpA disruptant by the DNA microarray anal-
ysis (Fig. 1A). The products of those genes were found to be
related to nitrogen ﬁxation. Although averages of the fold val-
ues of the transcriptional levels of nifN and nifX in the ancrpA
disruptant to that in the wild-type exceeded 0.5, real-time
quantitative RT-PCR revealed that the expression levels of
these genes were clearly suppressed in the ancrpA disruptant
(Table 2). Though all1439 is annotated as a hypothetical pro-
tein by CyanoBase, a prediction of the secondary structure of
All1439 by referring to Pfam [24] on the Internet indicated a
high homology to the molybdenum-dependent nitrogenase
C-terminus in Anabaena variabilis (data not shown). This sug-
gests that All1439 takes part in nitrogen ﬁxation.
A gene cluster including all5347 and hglE were downregu-
lated in the ancrpA disruptant when compared with the wild-
type (Table 2). The HglE protein is known to function in the
synthesis of heterocyst envelope glycolipids [25]. The gene
all5347 was suggested to be involved in the normal deposition
of the heterocyst envelope glycolipids, and denoted the gene
hgdB [26]. We have recently found that the transcription levels
of all5357 and hglE increased with a transient increase of cel-
lular cAMP level [21]. This suggests that the AnCrpA-cAMP
system enhances both sets of gene expressions.
A gene cluster including fdxB (coding for a ferredoxin) and
coxBACII (cytochrome c oxidase operon) were also downreg-
ulated in the ancrpA disruptant (Fig. 1C and Table 2). Because
coxBACII operon is expressed in the heterocyst of Anabaena
PCC 7120, the function of the products should also be related
to nitrogen ﬁxation [27].
A gene cluster ranging from alr2823 to alr2839 (Fig. 1D),
contains several genes downregulated by the disruption of anc-
rpA. In this region, alr2825, alr2831, alr2833, alr2834 (hepC)
and alr2839 have been reported to be involved in the synthesis
or deposition of the heterocyst envelope polysaccharide
[28,29]. It is concluded that a number of genes relating to nitro-
gen ﬁxation were downregulated by the disruption of ancrpA.
3.2. DNA-binding assay of AnCrpA
To determine the regulatory mechanism of AnCrpA, EMSA
experiments were performed using a recombinant His-AnCrpAprotein and 5 0 upstream region of nifB: the ﬁrst gene of nif
cluster. The fragments of FnifB-1, FnifB-2 and FnifB-3 (conﬁgu-
rations are shown in Fig. 1A and the positions of respective
fragments are listed in Table 1) were used for EMSA experi-
ments. His-AnCrpA bound to FnifB-1 in the presence of
20 lM cAMP (Fig. 2A), although a higher concentration
was required for binding than to the general CRP consensus
sequence (5 0-TGTGA-N6-TCACA-3 0) [12]. On the other hand,
His-AnCrpA did not bind to FnifB-2 or FnifB-3 in the presence
of 20 lM cAMP (Fig. 2B).
Binding activities of His-AnCrpA with the 5 0 upstream re-
gions of nifH, all1439, nifE and hesA, as well as that of nifB,
were examined. The conﬁgurations of DNA fragments used
and positions of these are shown in Fig. 1A and Table 1,
respectively. The 5 0 upstream regions of all1439 (Fall1439) and
hesA (FhesA) bound with His-AnCrpA in the presence of
20 lM cAMP, while His-AnCrpA did not bind with the
FnifH-1, FnifH-2, FnifE-1 or FnifE-2 fragments (data not shown).
To determine the binding speciﬁcity, EMSA determination
was carried out using a competitor DNA fragment FnifH-1 with
no aﬃnity to His-AnCrpA. Fig. 3A shows that His-AnCrpA
bound speciﬁcally to the FnifB-1, Fall1439 and FhesA fragments.
The signal intensities of these protein–DNA complex bands in-
creased as the concentration of His-AnCrpA increased
(Fig. 3A, lanes 1–3, 6–8 and 11–13). The addition of non-
labelled probe DNA reduced the intensity of the bands
(Fig. 3A, lanes 4, 9 and 14), but the addition of competitor
DNA hardly inﬂuenced the intensity (Fig. 3A, lanes 5, 10
and 15). Thus, the binding aﬃnity of His-AnCrpA to the 5 0 up-
stream regions of these DNA fragments is speciﬁc, and AnC-
rpA would regulate the expression of these genes and operons.
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Fig. 3. Electrophoretic mobility shift assays (EMSA) using His-AnCrpA and the 5 0 upstream regions of putative target genes. (A) The 32P-labelled
probe DNA fragments, FnifB-1, Fall1439-1 and FhesA-1, were incubated with His-AnCrpA with or without a non-labelled DNA fragment in the
presence or absence of competitor DNA (FnifH-1). (B) EMSA for the 5
0 upstream regions of all5347 and hglE with His-AnCrpA showing DNA
fragments with high (i) and low aﬃnity (ii) to AnCrpA. (C) EMSA for the 5 0 upstream regions of FcoxB-2 with His-AnCrpA. The fragment used is
indicated under each panel. These assays were conducted in the presence of 20 lM cAMP. The DNA fragments used are shown under each panel.
The position of the protein–DNA complex is indicated by an arrow.
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26 T. Suzuki et al. / FEBS Letters 581 (2007) 21–28EMSA experiments using His-AnCrpA and the 5 0 upstream
regions of all5347 and hglE were carried out (conﬁgurations of
DNA fragments used and positions of these are shown in
Fig. 1B and Table 1, respectively). EMSA experiments showed
that His-AnCrpA bound to Fall5347-2 and Falr5348-1
(Fig. 3B(i)). We found that the DNA-binding aﬃnity of His-
AnCrpA to FhglE-1, FhglE-2 and Falr5348-1 (indicated by grey
lines in Fig. 1B) was weak because addition of the competitor
DNA interfered with the formation of the protein–DNA com-
plex (Fig. 3B(ii)). His-AnCrpA did not bind to other DNA
fragments such as Fall5347-1, FhglE-3 or FhglE-4, denoted by dot-
ted lines in Fig. 1B. Because cellular cAMP levels increased by
the addition of NaCl enhanced the transcriptions of both
all5347 and hglE [21], it was suggested that the cAMP–AnC-
rpA complex regulates the expression of these genes, although
it is not clear whether the centre region of alr5348 functions as
a promoter region.
Further EMSA experiments showed that His-AnCrpA
bound to FcoxB-2 (Fig. 3C), although it did not bind to
FcoxB-1, as denoted by dotted lines in Fig. 1C (Positions of
these fragments are listed in Table 1). Therefore, the expression
of coxBACII operon would be regulated by AnCrpA.
3.3. The prediction of AnCrpA recognition DNA sequence
Though the DNA-binding sequence for SYCRP1, a CRP in
Synechocystis sp. PCC 6803, is equal to that for E. coli CRP
[30], nothing is known concerning that for AnCrpA. WeTable 3
Frequency of each bases at respective positions of the 14-mer binding seque
Numbers of the nucleotides at respective positions (N1N2N3N4N5N6N7N8N
Positions 1 2 3 4 5 6
A 15 11 8 14 8 2
C 3 8 7 2 0 2
G 13 11 14 18 23 11
T 14 12 13 8 11 27
High frequent nucleotidea N N N A G T
G
aHigh frequent nucleotide was deﬁned as follows: a certain nucleotide occu
dinenucleotide occupies 75 % or more of the whole.
Wild-type DNA
0 3 10 30 10His-AnCrpA (ng)
Wild-type DNA 5'-TGGAAGAGAAGTCGCG
Mutant DNA 5'-TGGAAGAGAAGTCTCT* *
A
B
Fig. 4. Mobility shift analysis of putative AnCrpA-binding site in the 5 0 ups
upstream region spanning from 194 to 179. Putative AnCrpA-binding sit
the mutant DNA sequence. (B) The assays were performed in the presence
mutant DNA were incubated with diﬀerent amount of His-AnCrpA. The posearched for the general CRP consensus sequence (5 0-
TGTGA-N6-TCACA-3
0) or similar sequence in the DNA frag-
ments used in EMSA experiments, but we could not ﬁnd the
sequence. Therefore, we determined the AnCrpA-binding mo-
tif by in vitro selection. A random DNA sequence containing
one CRP half-site was subjected to ﬁve rounds of selection
based on aﬃnity for His-AnCrpA (see 2 for details).
As a result, 58 sequences were obtained from the selected
DNA fragments (Supplementary data 5). Among those, 42
sequences shared G at position seven. This position of a G:C
base pair is very important for both E. coli CRP and SYCRP1
[30,31]. The frequencies of the four nucleotides in the se-
quences containing G at this position seven are shown in
Table 3, and which shows that A or G were preferred at posi-
tion 4 and 14, G was preferred at position 5 and 7, T was pre-
ferred at position 6, and A was preferred at position 7. Hence,
the optimal AnCrpA-binding sequence in positions 4–14 was
suggested to be consisting 5 0-RGTGA-N5-R-3 0 (R stands for
purine nucleotide). AnCrpA would have a recognition se-
quence diﬀerent from that of general CRP.
By the HMM search with the custom-made proﬁle based on
in vitro selected sequences data, we selected a sequence at posi-
tions 194 to 179 relative to the translation start site of nifB.
EMSA experiments were performed with two synthetic 40 bp
DNA probes, a wild-type DNA fragment and a mutant
DNA fragment with two substituted nucleotides in the puta-
tive AnCrpA-binding site (Fig. 4A). The wild-type DNAnce selected
9N10N11N12N13N14T15C16A17C18A19T20T21T22)
7 8 9 10 11 12 13 14
– 21 4 5 14 13 11 19
– 7 17 11 10 8 7 4
42 7 11 11 8 10 13 17
– 7 10 15 10 11 11 2
G A N N N N N A
G
pies 50 % or more of the whole, or a purine nucleotide or a pyrimi-
0
Mutant DNA
0 3 10 30 100
GCTTTAAACACATTCTACCAAGAC-3'
GCTTTAAACACATTCTACCAAGAC-3'
tream region of nifB. (A) The wild-type DNA corresponds to the nifB
e is shown in bold and mutant nucleotides are indicated by asterisks in
of 20 lM cAMP. 5 0DIG-labelled wild-type DNA or 5 0DIG-labelled
sition of the protein–DNA complex is indicated by an arrow.
Table 4
Predicted AnCrpA-binding sites determined by HMM search
Fragment name Site sequencea Positionb
Fall1439 AATGCAGCGTGCCATT 272
FhesA TTTGAAAAAGTTCTCA 263
Fall5347-2 GCAGTCAATTATCACA 604
Falr5348-1 ATTGCGGATAGTCCCA +462
FcoxB-2 AATACCGAGAATCACC 413
aWell-conserved guanine in the selected sequene and cytosine at the
symmetrical position are higlighted in bold.
bThe positions of 5 0 end of predicted AnCrpA-binding site relative to
corresponding translation start site.
T. Suzuki et al. / FEBS Letters 581 (2007) 21–28 27bound with His-AnCrpA, while the artiﬁcially substituted
DNA did not bind with His-AnCrpA in the presence of
20 lM cAMP (Fig. 4B). Thus, the 14-base sequence 5 0 up-
stream of nifB from 194 to 179 is a probable AnCrpA-
binding sequence.
By the HMM search with the custom-made proﬁle based on
in vitro selected sequences data, we predicted AnCrpA-binding
sites from DNA fragments whose binding aﬃnities with His-
AnCrpA appeared to be speciﬁc (Table 4). Except for the site
sequence of FcoxB-2, all the sequences share G corresponding
at position seven and C at the symmetrical position (Table 4).
3.4. CRP-cAMP signallings
The CRP-cAMP complex, in E. coli, regulates not only
catabolism of carbon sources but also ﬂagellar synthesis, toxin
production and other functions not directory related to catab-
olism [4]. In Synechocystis sp. strain PCC 6803, the SYCRP1-
cAMP complex regulates cell motility [5–9]. Our microarray
determination revealed novel target gene families of CRP in
Anabaena PCC 7120, such as nitrogen ﬁxation-related genes.
In Anabaena cylindrica, cells grown on nitrate retain their
capacity for nitrogen ﬁxation over several generations even
though nitrogen ﬁxation is suppressed in such conditions
[32]. Thus, AnCrpA may serve as a regulator to maintain the
expression of nitrogen ﬁxation-related gene clusters when cells
are growing with nitrate. Further analysis to elucidate the
physiological functions of CRP in this cyanobacterium is being
carried out.
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